Kindler syndrome (KS), a rare, autosomal recessive disorder comprises mechanical skin fragility and photosensitivity, which manifest early in life. The progression of the disorder is irreversible and results in tissue damage in form of cutaneous and mucosal atrophy and scarring and epithelial cancers. Here, we unravel molecular mechanisms of increased UV-B sensitivity of keratinocytes derived from KS patients. We show that the pro-inflammatory cytokines, IL-1ß, IL-6 and TNF-a, are upregulated in KS skin and in UV-B irradiated KS keratinocytes. These cytokines are dependent on p38 activation, which is increased in the absence of kindlin-1 and induced by higher ROS levels. Other dysregulated cytokines and growth factors were identified in this study and might be involved in paracrine interactions contributing to KS pathology. We show a direct relationship between kindlin-1 abundance and UV-B induced apoptosis in keratinocytes, whereas kindlin-2 overexpression has no compensatory effect. Importantly, low levels of kindlin-1 are sufficient to relieve or rescue this feature. Reduction of proinflammatory cytokines and of UV-B induced apoptosis is a valid therapeutic goal to influence long term complications of KS. Here, we demonstrate that antioxidants and the plant flavonoid luteolin represent feasible topical therapeutic approaches decreasing UV-B induced apoptosis in two-dimensional and organotypic KS cultures. We provide evidence for potential new therapeutic approaches to mitigate the progressive course of KS, for which no cure is available to date. Furthermore, we established organotypic KS models, a valuable in vitro tool for research with a morphology similar to the skin of patients in situ.
Introduction
Kindler syndrome (KS, MIM#173650) is a rare autosomal recessive condition, comprising both mechanical skin fragility and photosensitivity manifesting early in life. The disorder progresses to irreversible tissue damage in form of cutaneous and mucosal atrophy and scarring. Ultimately epithelial cancers may occur, with an aggressive, early metastasizing course (1) (2) (3) . Yet, the pathogenic chain underlying these events remains unknown. Beside wound care and sun protection, no therapies are available to date (4) .
KS is caused by mutations in kindlin-1, a protein of ß1 integrin associated adhesions, mainly expressed in epithelial cells of the skin and mucosal membranes. Kindlin-1 mutations comprise deletions, insertions, nonsense and splicing mutations that result in the absence or reduced nonfunctional mutant kindlin-1 (3, 5, 6) . While dysregulation of ß1 integrin explains skin fragility, the molecular mechanisms underlying photosensitivity in KS are poorly understood.
Studies of the human disorder, of mouse models and cells suggested that the functions of kindlin-1 are multifaceted. Besides being involved in ß1 integrin dependent adhesion and signalling it was implicated in coupling cell adhesion to cell division, in regulating microtubule acetylation and stability and in controlling TGF-ß and Wnt signalling (7) (8) (9) (10) (11) . In addition, KS keratinocytes display premature senescence (12) and are unable to undergo electrotaxis (13) . A recent study suggested a role for oxidative stress in the pathogenesis of KS. Primary keratinocytes derived from KS patients exhibited significantly increased ratios between oxidized and reduced glutathione in vitro and mitochondria in KS skin showed modified structure, localization and function in situ (14) .
Here we addressed the UV-induced inflammatory response in keratinocytes from KS patients. We demonstrate that upregulation of IL-1ß, IL-6 and TNF-a are associated with increased UV-B induced activation of p38 and increased levels of reactive oxygen species (ROS) in KS keratinocytes. We further show that UV-B induced apoptosis can be rescued by expression of kindlin-1, but not of kindlin-2, and can be mitigated by using topical antioxidants as a potential therapy for KS.
Results

Inflammatory phenotype in KS skin and KS keratinocytes
KS patients exhibit erythema on sun-exposed areas such as face and dorsal aspect of the hands, where poikiloderma first appears (Fig. 1A) . We found that pro-inflammatory cytokines known to be induced by UV-B in keratinocytes -TNF-a, IL-6 and IL-1ß (15) -as well as, Cox-2, a pro-inflammatory enzyme, are increased in the skin of KS patients when compared to controls (Fig. 1B) (16) . Hence, we aimed to investigate the role of UV-B in the induction of these factors in KS. As in vitro models, we used immortalized keratinocyte cell lines from three KS patients (KSK, KSK Y403 *and KSK R100del , mutations and clinical features were described in (3)) and from two healthy individuals (NHK), as well as recombinant KS keratinocytes rescued for kindlin-1 expression or overexpressing kindlin-2 (Table 1 , Supplementary Material, Fig. S1A and B).
Previous data by Qu et al. identified IL-6, chemokine (C-X-C motif) ligand 10 (CXCL10), CXCL1 (GRO-a), angiogenin (ANG), and monokine induced by interferon-c (MIG) to be increased in basic cell culture conditions in KSK as compared to NHK (17) . Using the same cytokine array we found that after 60 mJ/cm 2 UV-B exposure, KS keratinocytes displayed upregulation of IL-1ß (4.91-fold), IL-6 (1.90-fold) and TNF-a (1.44-fold), as compared to NHK ( Fig. 2A) . ELISA experiments validated increased secretion of these pro-inflammatory cytokines in two KS cell lines (Fig. 2B-D) . In particular, IL-1ß and TNF-a were only increased after exposure to UV-B, while IL-6 was already upregulated in basic cell culture conditions, which is in line with the results of Qu et al. (17) (Supplementary Material, Fig. S3 ).
In addition, eight other cytokines of the cytokine array were regulated more than 1.4-fold or less than 0.5-fold in keratinocytes from two KS patients compared to NHK after UV-B exposure ( Fig. 2A, Supplementary Material, Fig. S2 , Table 2 ). These included (GRO (GRO-a/GRO-ß/GRO-c, 2.63-fold), granulocytecolony stimulating factor (G-CSF, 2.21-fold), epithelial-derived neutrophil-activating peptide 78 (ENA-78, 2.02-fold), vascular endothelial growth factor (VEGF, 1.85-fold), interleukin 4 (IL-4, 1.
61-fold), macrophage-derived chemokine (MDC, 1.54-fold), and ANG (0.49-fold). Furthermore, Cox-2 was increased in KS keratinocytes as compared to NHK after irradiation with UV-B (Supplementary Material, Fig. S1C ).
Increased p38 activation in KS keratinocytes is dependent on kindlin-1 and ROS
The stress inducible kinase p38 is a master regulator of cytokines (18, 19) and well known to be induced by UV-B (20, 21) . The activity of p38, like other mitogen activated protein kinases, is tightly regulated by phosphorylation (active form) and dephosphorylation (22) . Indeed, KS keratinocytes displayed increased levels of p38 phosphorylation (pp38) in basal cell culture conditions and after UV-B irradiation as compared to control cells (Fig. 3A) . In fact, pp38 was about twofold increased in KS keratinocytes before and at all-time points after UV-B irradiation (Fig. 3B) . Importantly, expression of low levels of kindlin-1 in KS keratinocytes (KSK þ K1) reduced UV-B induced p38 activation comparable to control cells (Fig. 3C ), indicating that increased pp38 is directly dependent on the presence of kindlin-1.
Blocking p38 phosphorylation with the specific inhibitor SB203580 before UV-B irradiation, lead to a decrease of IL1B, IL6 and TNFA mRNA levels in KS keratinocytes (Fig. 3D-F) .
The link between kindlin-1 and p38 activation may be the increased oxidative stress, as reported before (23, 24 (Fig. 4A) . After induction of determine differences compared to NHK. Error bars are mean 6 SEM. *P < 0.05, **P < 0.01, ***P < 0.001. (Fig. 4A) .
Treatment of KS keratinocytes with the antioxidant 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (trolox) significantly reduced intracellular ROS levels and activation of p38 after UV-B irradiation ( Fig. 4B and C) . These data suggest that ROS play a major role in KS by inducing p38 signalling and inflammation, in particular after UV-B exposure.
Increased UV-B induced apoptosis of KS keratinocytes can be modulated by targeting pp38, TNF-a and ROS Apoptotic keratinocytes, so called sunburn cells, a major hallmark of UV-B irradiated skin (25, 26) have been described in KS skin samples (27) and their formation may be induced by TNF-a or p38 signalling (21 Fig. S4 ). Notably, low levels of recombinant or mutant kindlin-1 significantly reduced UV-B induced apoptosis, whereas overexpression of kindlin-2 had no effect (KSK þ pMIG: 31.32% 6 3.12 N ¼ 72, KSK þ K1: 12.74% 6 2.40 N ¼ 72, KSK þ K2: 29.46% 6 3.08 N ¼ 72, KSK
R100del
: 22.86% 6 3.47 N ¼ 69) (Fig. 5B ). These data indicate that increased UV-B induced apoptosis is a direct consequence of kindlin-1 deficiency and is not compensated by overexpression of kindlin-2.
Treatment of KS keratinocytes with either a specific inhibitor of p38 phosphorylation, SB203580, with a structural analogue of the TNF-a neutralizing drug etanercept, TNFR-Inh, or with the antioxidants trolox and luteolin, a plant flavonoid, significantly reduced UV-B induced apoptosis (KSK: SB203580: 29 Fig. 5C and D) . These results suggest that increased UV-B induced apoptosis of KS keratinocytes depends on increased p38 and TNF-a signalling and increased oxidative stress.
Organotypic cocultures as valuable models for KS skin
To establish a more physiological, in situ like environment for our studies, we constructed organotypic cocultures (OTC), in vitro three-dimensional models of normal and KS skin, using normal human dermal fibroblasts embedded in a collagen I matrix and NHK or KS keratinocytes (28, 29) . These OTC expressed markers of the dermal-epidermal junction zone (kindlin-1, integrin a6, laminin 332) and of epidermal differentiation (involucrin), and maintained the main characteristics of normal and KS skin ( (Fig. 7C and D) .
Finally, 8-oxoguanine, one of the oxidative DNA damages that can result in stable mutations was assessed in OTCs. This showed increased staining intensity and number of positive nuclei in KS-OTC after UV-B irradiation, as compared with Co-OTC, and TNFR-Inh, trolox, luteolin or Protexsan treated KS-OTC (Fig. 7E ).
Discussion
Loss of kindlin-1 was associated with an inflammatory phenotype of the skin or mucous membranes in humans (16, 17) and mice (11, 30) . Inflammation in KS is considered as a secondary reaction of the skin to impaired adhesion of basal keratinocytes to the underlying basement membrane, compromised ß1 integrin signalling and abnormal laminin 332 deposition (11, 17, 30) . In addition, we hypothesized that short and long-term effects of sun exposure significantly contribute to inflammation of KS skin.
Here, we unravel molecular mechanisms of increased sensitivity to UV-B of KS keratinocytes. To avoid premature senescence and significantly reduced clonogenic potential of primary KS keratinocytes (12) , and to overcome restrictions due to limited numbers of primary cells, we used as models immortalized (HPV18 E6E7) keratinocytes derived from different KS patients (Table 1) . As controls keratinocyte cell lines derived from unaffected individuals that were immortalized by the same method like KS keratinocytes, were used.
We demonstrate a direct relationship between kindlin-1 abundance and UV-B induced apoptosis in keratinocytes. Kindlin-2 overexpression has no compensatory effects, but low levels of kindlin-1 are sufficient to relieve or rescue this feature. This is in line with recent findings delivered by studies of a human hypomorphic kindlin-1 mutation and a kindlin-3 hypomorphic mouse model (31, 32) , and has therapeutic relevance suggesting that minimal amounts of kindlins are sufficient for basal cellular functions. Interestingly, another cell-cell adhesion molecule, E-cadherin, was recently shown to promote nucleotide excision repair through the positive regulation of the expression of Xeroderma pigmentosum complementation group C and DNA damage-binding protein 1 (33) . In our cellular and organotypic models, as well as in available KS skin samples we found no evidence of increased cyclobutane pyrimidine dimers as an indicator for increased DNA damage and DNA repair defect (not shown), but increased formation of 8-oxoguanine. Among many oxidative DNA base modifications, 8-oxoguanine pairs with adenine as well as cytosine during DNA replication, which results in transversion mutations (34) . Mitochondrial dysfunction was observed in primary KS keratinocytes recently (14) and is likely to be the cause of increased ROS levels in KSK in our study, which seem to be a critical factor for photosensitivity. However, it is conceivable that other factors than ROS contribute to the pathomechanism of photosensitivity in the skin of KS patients. Two of these, TNF-a and p38 were identified in this study. We show increased IL-1ß, IL-6 and TNF-a in KS skin and in UV-B irradiated KS keratinocytes. These are dependent on increased p38 activation and higher ROS levels in KS keratinocytes. Besides activation by ROS (Fig. 4C) , other, yet unclear mechanisms might account for increased activation of p38 in KS keratinocytes. A connection between p38 and epidermal fragility was observed before in epidermolysis bullosa simplex caused by keratin 5 or keratin 14 mutations. The stress-inducible kinase p38 was hyperactivated in these keratinocytes in basic culture conditions and further increased after osmotic or heat stress (35, 36) . In the case of osmotic stress, downregulation of dual specificity phosphatases was identified as a cause for increased activation of p38 in keratinocytes harbouring keratin 5 or keratin 14 mutations (35) . Dual specificity phosphatases are important regulators of the cell stress response operated by p38 and other mitogen activated protein kinases as they establish a negative feedback loop by dephosphorylation of their targets (37, 38) . Further studies are required to investigate the upstream factors of p38 activation in KS keratinocytes and to disclose whether, like in epidermolysis simplex keratinocytes, dual specificity phosphatases play a critical role. Cox-2, also upregulated in KS skin and keratinocytes, catalyses the generation of its main product in the skin, prostaglandin E2 and therefore contributes to inflammation (39, 40) . Increased expression of Cox-2 is very likely to be a further consequence of increased p38 signalling in KS keratinocytes (41, 42) . Furthermore, we show that other cytokines and growth factors -ENA-78, G-CSF, GRO, IL-4, MDC, VEGF -are increased in KS keratinocytes after UV-B irradiation. Further studies are required to investigate the effects of these cytokines and growth factors on their target cells in the skin, including fibroblasts, melanocytes and immune cells, and to dissect whether and how they contribute to photosensitivity in KS. Crosstalk between different cell types in the skin is important for the homeostasis and it was shown before that cytokines secreted from KS keratinocytes influence the dermal compartment, resulting in fibrosis and dermal inflammation (16) . Similarly, the cytokines secreted by KS keratinocytes may influence immune cells and blood vessel endothelial cells, and contribute to erythema and inflammation as part of the effects of UV-B and to the formation of telangiectasia, as part of poikiloderma in KS.
One challenge in the use of authentic keratinocytes derived from different patients is the distinct genetic background of each individual donor. To exclude that the effects observed in our experiments are not caused by loss of kindlin-1 but arise from other genetic differences, we used cell lines from several donors and a rescue cell line (KSK 6 K1) to validate the results. Nevertheless, it is possible that the genetic or epigenetic background influences cellular reactions as it may be the case for Figure 5 . UV-B induced apoptosis is significantly increased in KS keratinocytes and can be reduced by blocking of p38 or TNF-a signalling and antioxidant treatment.
(A) Apoptosis is significantly increased in two KSK cell lines in basic cell culture conditions and 24 h after 60 mJ/cm 2 UV-B, revealed by TUNEL assays. Two-way ANOVA with Bonferroni posttests was used to determine the differences between untreated and UV-B irradiated and between NHK and KSK. Error bars are mean 6 SEM. ***P 0.001. N ¼ 3 experiments. (B) Low levels of recombinant or mutant kindlin-1 in KSK þ K1 or KSK R100del significantly reduce UV-B induced apoptosis, whereas transduction of the empty vector or overexpression of kindlin-2 have no effect. Data were obtained from three independent experiments using TUNEL assays. One-way ANOVA followed by Bonferroni's Multiple Comparison Test for comparison of selected pairs was used to determine differences. Error bars are mean 6 SEM. ***P 0.001.
(C and D) Inhibition of p38 or TNF-a signalling as well as treatment with the antioxidant trolox and the plant flavonoid luteolin significantly reduced UV-B induced apoptosis in two KSK cell lines. Data were obtained from three independent experiments using TUNEL assays. One-way ANOVA followed by Dunnett's Multiple Comparison Test was used to determine differences compared to irradiated, untreated keratiocytes. Error bars are mean 6 SEM. * P 0.05, ** P 0.01, *** P 0.001.
the differences of IL-1ß levels between the cell lines KSK and KSK Y403 *. It is conceivable that other factors like the age of the individual at the time of biopsy and the body site where the biopsy was taken may play a role. Similar to KS patients showing different levels of photosensitivity and clinical heterogeneity (2, 3, 6, (43) (44) (45) , the intensity of cellular reactions may fluctuate in a biological range between different patient derived cell lines.
Contradictory data exist showing that HPV E6 and E7 genes either inhibit or sensitize to apoptosis (46) (47) (48) (49) (50) . However, we found no major differences between primary and immortalized cells regarding UV-B induced apoptosis. These results are in line with Sprenger et al., showing that the immortalization process used for our keratinocytes does not affect general cell lineagespecific characteristics (51) and with Guerrini et al., indicating that expression of E6 and E7 from different HPV types has no effect on UV-B induced apoptosis in HaCaT keratinocytes (52) . Various factors might influence the effect of E6 E7 immortalization on apoptosis, such as the HPV type from which the genes are derived, the apoptosis trigger or the nature of the cell which is immortalized (47) (48) (49) 53) . Note the brown nuclear staining which is strongly pronounced in KS-OTC after UV-B irradiation, and decreases after treatments with TNFR-Inh, trolox, luteolin and Protexsan.
Apoptosis represents a protective mechanism to remove cells accumulating mutations and therefore prevent UV-B induced carcinogenesis. It is a crucial process to maintain skin homeostasis and is especially important in the context of genetic diseases that predispose to cancer, like KS. However, increased keratinocyte apoptosis may trigger skin inflammation and fibrosis, as suggested by the existence of apoptotic keratinocytes in most inflammatory mouse models and in human inflammatory skin diseases (54, 55) . Another consequence of increased apoptosis may be tissue atrophy, a typical feature of KS skin (2, 3, 27, 56) . Modulation of apoptosis of KS keratinocytes to a physiological level, comparable to NHK, should not interfere with the prevention of carcinogenesis, but influence long term complications of the disease.
One reasonable therapeutic approach emerging from our results is the antioxidant treatment, which could avoid downstream effects of ROS, like additional DNA and protein damage (57) . Antioxidants are widely used in topical applications. Our results show that antioxidants and the plant flavonoid luteolin represent feasible topical therapeutic approaches decreasing UV-B induced apoptosis in two-dimensional and OTC KS models. These substances are already included in skin care products like Protexsan (58), which achieved superior effects reducing UV-B induced apoptosis in KS-OTC. This might be due to the optimized composition and the additive effects (0.1% luteolin, 0.1% vitamin E, 0.025% ubiquinone). The in vivo biological effect of these bioactives to increase the ability of the skin of KS patients to adapt under a variety of perturbations, like UV (59), remains to be proven in clinical trials.
Finally, the similar morphology of the skin of the patients in situ and the KS-OTC validates this model as a valuable tool for research and for initial trials of therapeutic treatments. These insights provide new clues for therapeutic approaches to alleviate the progressive course of KS, for which no cure is available to date.
Materials and Methods
Skin samples and cells
The patients studied here, their mutations and cell lines generated from primary keratinocytes are listed in Table 1 . The study was approved by the ethics committee of the University of Freiburg and conducted according to the Declaration of Helsinki Principles. Skin specimens were obtained after informed written consent from healthy individuals who underwent surgery and from KS patients for diagnostic purposes, and used for immunostainings and isolation of primary keratinocytes. Keratinocyte cell lines were generated by retroviral transduction with the HPV18 E6E7 genes and cultured in keratinocyte growth medium supplemented with epidermal growth factor and bovine pituitary extract (KGM) (Invitrogen, Karlsruhe, Germany).
Hek293 cells and primary normal human fibroblasts, isolated from skin specimens of healthy individuals who underwent surgery after informed written consent were cultured in Dulbecco's Modified Eagle Medium (DMEM, Invitrogen) with 10% fetal calf serum (FCS, Biochrome, Cambridge, GB), 2 mM L-Glutamine (Invitrogen) and Penicillin/Streptomycin (50 U/ml; 50 mg/ml, Invitrogen).
UV-B irradiation regimens and cell treatments
Cell treatments were performed in 6-well plates for mRNA and protein isolation and for ELISAs (0.3-0.4Â10 5 cells) or on coverslips in 24-well plates for apoptosis assays (3Â10 4 cells).
Keratinocytes were seeded the day before treatment and incubated overnight at 37 C 5% CO 2 .
UV-B irradiation was performed under a UV 801 BL UV-B lamp (Waldmann, Schwenningen, Germany). Cell culture dishes were put on ice and medium was replaced with phosphate buffered saline (PBS) before irradiation. Low-dose (30 mJ/cm 2 ) and medium-dose (60 mJ/cm 2 ) UV-B was used. After irradiation PBS was aspirated, and the cells were incubated with KGM at 37 C and 5% CO 2 . Controls were treated identically but not irradiated.
For inhibition experiments, cells were pre-incubated with 20 mM SB203580 (Sigma-Aldrich, Taufkirchen, Germany; 2 h), 150 mg/ml Trolox (Sigma-Aldrich; 1 h), or 4 mg/ml luteolin (MMP, South Plainfield, USA; 2 h). After irradiation KGM including treatment was given back to the cells.
Apoptosis assay
Apoptotic cells were identified using TUNEL assay performed with the in Situ Cell Death Detection Kit, TMR red (Roche, Mannheim, Germany) according to the manufacturer's manual. Cells on coverslips were fixed for 1 h with 4% paraformaldehyde and washed twice with PBS before permeabilisation for 2 min with 0.1% Triton X-100 in 0.1% sodium citrate on ice. After washing with PBS, positive controls were incubated for 10 min with DNase and washed twice with PBS. Negative controls were incubated with 50 ml label solution and the rest of the label solution was supplemented with the enzyme solution. Samples were incubated for 1 h at 37 C with the TUNEL solution and washed 3 times with PBS before 2 min incubation with DAPI (1:1000). After 3 further washing steps with PBS, samples were embedded onto specimen slides with mounting medium (Dako, Hamburg, Germany). TUNEL positive cells were detected with the 594 channels of the fluorescence microscope system (Zeiss Axio Imager, Zeiss, Jena, Germany) with 20-fold magnification and correlated to DAPI positive cells to determine the percentage of apoptotic cells for each picture.
Immunofluorescence staining
Immunofluorescence staining of skin sections was performed as described (3) . Cryosections were fixed with acetone, blocked for 30 min with 2% bovine serum albumin in TBS and then incubated overnight at 4 C or 2h at room temperature with primary antibodies. Primary and secondary antibodies are listed in Supplementary Material, Table S1 . Cells were seeded on uncoated coverslips and allowed to grow for two days, fixed and processed as described (26) . TRITC conjugated phalloidin (Chemicon, Schwalbach, Germany) was applied together with secondary antibodies. Nuclei were visualized with DAPI (Chemicon). Images were captured by laser scanning confocal microscopy (Zen2010, Carl Zeiss) or using immunofluorescence microscopy. For quantification pictures were analysed with the software ImageJ.
Immunohistochemistry
Cryosections (5 mm) were incubated over night at 4 C with antibodies against Cox-2 and IL-1ß (Supplementary Material, Table S1 ). Afterwards sections were incubated with biotinylated swine anti-goat, anti-mouse and anti-rabbit antibody immunoglobulins for 1 h at room temperature, followed by a 20 min incubation with streptavidin conjugated to horseradish 
Molecular cloning, transfection and retroviral transduction
Retroviral expression vectors were obtained as described before (31, 60) . FERMT1 and FERMT2 full length cDNAfrom NHK was amplified via PCR with Phusion high fidelity DNA polymerase (Fermentas, St. Leon-Rot, Germany). Primer sequences are given in Supplementary Material, Table S2 . PCR products were ligated into the retroviral vector pMIG (Bioss Centre for biological signalling studies, University Freiburg). Competent Escherichia coli (DH5a, Invitrogen) were transformed with plasmids, DNA was purified and confirmed by sequencing. Three mg of the retroviral construct and the helper plasmids pHit60 and pVSV-G were co-transfected into Hek293 cells with Superfect transfection reagent (Qiagen), according to the manufacturers' instructions. Production of amphotropic retroviral particles was stimulated by adding 5 mM sodium-butyrate (SigmaAldrich, Munich, Germany) for 8 h. Forty-eight hours after stimulation, the supernatant containing retroviral particles was collected, filtered, polybrene was added to a final concentration of 5 mg/ml (Millipore, Schwalbach, Germany) and stored at À80 C.
KSK were transduced with 100 ml retroviral supernatant in 1 ml keratinocyte growth medium twice. Transduced cells were selected by fluorescent activated cell sorting employing the IRES GFP cassette in the pMIG vector backbone. Sorted new cell lines were designated according the expression of the recombinant proteins: as KSK þ pMIG (empty vector), KSK þ K1 and KSK þ K2 (Table 1) .
RNA isolation, cDNA synthesis and qRT-PCR
Isolation of mRNA from confluent cell monolayers was performed using the RNeasy Plus Kit (Qiagen) according to the manufacturer's instructions. One mg of isolated mRNA was used for cDNA synthesis with the First Strand cDNA Synthesis Kit and random hexamer primers (Thermo Fisher Scientific) in a volume of 100 ml. Expression of genes on mRNA level was measured by quantitative real-time PCR using iQ-SYBR-Green Supermix and an iCycler (Biorad, Mü nchen, Germany). For each reaction 1 ml cDNA and 5 mM of primers were used. Primer sequences are listed in Supplementary Material, Table S2 . Gene expression values were normalized to the housekeeping gene glycerinaldehyd-3-phosphat-dehydrogenase (GAPDH) and data processing was performed using the CFX Manager Software (version 3.0, Biorad).
Protein isolation, SDS-PAGE and immunoblot
Confluent cell monolayers were lysed with a buffer containing 25 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% NP-40, 1 mM PEFABloc, 10 mM EDTA and protease inhibitor cocktail (SigmaAldrich). Equal amounts of proteins were separated on 10% SDS-PAGE under reducing conditions and blotted onto a nitrocellulose membrane by wet electrotransfer (GE healthcare Buckinghamshire, Great Britain). The membranes were incubated overnight at 4 C with primary antibodies, followed by incubation for 1 h at room temperature with horseradish peroxidase coupled secondary anti-rabbit IgG antibody. Antibodies used in this study are listed in Supplementary Material, Table S2 . Visualization followed with the ECL detection reagent (Amersham, Billerica, USA) and the Fusion system (PeQlab, Erlangen, Germany). The intensities of the bands were quantified with ImageJ.
ELISA
UV-B induced cytokine secretion was assessed using human IL-1ß, IL-6 and TNF ELISA Sets (BD Biosciences, Heidelberg, Germany) according to the manufacturers' instructions. Briefly, 3*10 5 keratinocytes were seeded into 6-well plates and incubated at 37 C and 5% CO 2 overnight. For inhibition of p38 signalling, keratinocytes were treated with SB203580 and afterwards irradiated with UV-B as described above. Cell culture medium was returned after irradiation and supernatants were transferred into tubes 24 h after irradiation, centrifuged for 10 min at 2000 g and submitted to ELISA. For data normalization between different cell lines, protein lysates were isolated from the keratinocytes after the supernatant was removed. ELISA results were normalized to the protein content of the samples as determined by BCA-Assay.
Construction and treatment of organotypic cocultures (OTC)
OTC were constituted as described before (29) . Briefly, collagen I gels (4 mg/ml in 0.1% acetic acid, from rat tendons) containing 5*10 6 normal human fibroblasts per millilitre were applied into cell culture inserts (porous size 3 lm, polycarbonate, Falcon, BD Biosciences) and cultured for 24 h in DMEM medium. The next day, 1 Â 10 6 NHK or KSK were seeded onto the top of the gels.
Twenty-four hours later, the medium was replaced by DMEM/ Ham's F12 3:1 supplemented with 5% FCS, 5 lg/ml insulin, 10 mM adenine, 0.4 lg/ml hydrocortisone, 1 ng/ml epidermal growth factor and 50 lg/ml L-ascorbic acid/ml (Sigma-Aldrich) and the cultures were raised to the air-liquid interface. Cultures were incubated for 3 weeks at 37 C and 5% CO 2 , whereby medium was changed every other day. For irradiation medium was replaced with PBS and cultures were treated with 300 mJ/cm 2 UV-B on ice. Afterwards, PBS was aspirated and medium was given into the deep wells. Treatment substances (1mg/ml TNFRInh, 300 mg/ml trolox, 8 mg/ml luteolin, Protexsan) were diluted with medium; a filter paper was soaked with the diluted substances and applied to the cultures for 1 h before UV-B irradiation. For UV-B irradiation the filter paper was removed and applied again after irradiation. Twenty-four hours after UV-B irradiation cultures were harvested and paraffin and cryosections were generated for H&E and immunofluorescence stainings.
Bioinformatics and statistical analyses
Statistical analysis and visualization of quantitative data was performed using Prism (GraphPad Software Inc., La Jolla, USA).
Quantitative data from at least three independent experiments was compared with Two-way ANOVA or One-way ANOVA followed by an appropriate post-test for multiple comparisons to determine differences. P values indicating statistical significance are as follows: P 0.05 significant (*), P 0.01 very significant (**), P 0.001 extremely significant (***).
Supplementary Material
Supplementary Material is available at HMG online.
